Rauscher virus (RV) induces acute erythroteukaemia and a myeloproliferative disease in adult mice. It consists of a replication-competent murine leukaemia virus (R-MuLV) which acts as a helper virus and a defective transforming component which causes spleen focus formation, Rauscher spleen focus-forming virus (R-SFFV). The integrated proviral DNA of R-SFFV was cloned molecularly. The cloned R-SFFV was compared to that of other viral components which are associated with RV-induced disease and also to the cloned Friend SFFV (F-SFFV) and the myeloproliferative sarcoma virus (MPSV), both of which expand the erythroid (F-SFFV, MPSV) and myeloid (MPSV) compartment on infection of adult mice. The genome of R-SFFV differs, if analysed by restriction enzymes, from R-MuLV in the 3' end of the genome between the env gene and the long terminal repeat. The difference is most likely an alteration in the 3' part of the gp70-coding region of the env gene. Comparison with Rauscher mink cell focus-inducing virus (R-MCF) suggests that R-SFFV is derived from R-MCF by substitution of the 3' half of the env gene with a sequence of unknown origin. The molecularly cloned R-SFFV pseudotyped with Friend MuLV induces an increase in late erythroid precursor cells which still require erythropoietin for maturation. Host range studies of the molecularly cloned R-SFFV prove that the Fv-2 ~ locus is required but not sufficient to restrict RV-induced haemopoiesis in adult mice, thus suggesting that R-SFFV has a different target cell range than F-SFFV and is similar to MPSV.
INTRODUCTION
Rauscher virus (RV) induces an acute erythroleukaemia and spleen foci in adult mice, and is in this respect similar to Friend virus (FV) (Tambourin, 1979; Opitz et al., 1977; Mol et al., 1982; Ostertag et al., 1982; Hasthorpe & Bol, 1979) . RV causes also a general myeloproliferative disease (Opitz et al., 1977) as has been described previously for the myeloproliferative sarcoma virus (MPSV) Klein et al., 1981) . The erythroid hyperplasia induced by RV is characterized by an increase of late erythroid colony-forming precursor cells (CFU-E), which is also found in the spleens of FV-and MPSV-infected mice. These CFU-E cells, however, still require erythropoietin for proliferation, whereas the majority of CFU-E in FV-P-infected mice can proliferate without addition of erythropoietin to the culture medium (Hasthorpe & Bol, 1979 ; for review, see Tambourin, 1979) . The host range of RV in mice differs from that of FV and is similar to that described for MPSV . These results would indicate that the target cell(s) of RV are different from those of FV, although they are supposed to have similar transforming recombinant envelope genes (Ruta & Kabat, 1980) . The similarity between RV and MPSV in biological properties is striking; however, the putative transforming genes appear to be entirely different Stacey et al., 1984; Ruta & Kabat, Kabat, 1980) . NIH 3T3 Tk-cells were obtained from E. M. Scolnick's laboratory. Other cell lines used are listed in a previous publication . All cells were grown in modified Eagle's medium supplemented with 10~ foetal calf serum . Viral supernatant of the cell line 643/22N releasing cloned F-MuLV was used for superinfection of non-producer cell lines. Reverse transcriptase activity was determined by previously described methods (Pragnell et al., 1977) . Spleen focus-forming titres were determined by injecting tissue culture supernatants into the lateral tail vein of 2-to 4-month-old congenic mice differing at the Fv-2 locus as described previously Odaka, 1973) . Spleen foci were counted 10 days post-injection. Colony assays of haematopoietic cells of infected and uninfected mice were done as described . Transfection of cells with proviral DNA of cloned R-SFFV was done as described for MPSV . Plasmid py747Tk + containing the herpes simplex virus gene for thymidine kinase (obtained from M. Yaniv, Institut Pasteur, Paris, France) was used for co-transfection at a ratio of 10:1.
Restriction analysis of cellular DNA. DNA was isolated according to procedures previously described . Restriction enzymes were obtained from BRL, Boehringer-Mannheim and Amersham Buchler, and used as recommended by the supplier. Digested DNA was separated on 0.8 ~ agarose gel in TEA (40 mM-Tris, 20 mM-sodium acetate, 2 mM-EDTA, pH 7.5). Southern blotting was done following a published protocol (Wahl et al., 1979) .
Molecular cloning of integrated proviral DNA. Cellular DNA was digested with the appropriate enzyme and proviral DNA enriched by electrophoresis and elution from agarose gel onto a NA45 membrane (Schleicher & Schiill) . The terminal cos sites of the lambda phage vectors Charon 28A (Rimm et al., 1980) or Charon 16A (de Wet et al., 1980) were ligated and the vector DNAs digested with HindIII or SstI respectively. The vector arms were dephosphorylated with calf intestinal phosphatase and separated on a 5 to 20 ~ N aC1 gradient. To generate infectious lambda particles, DNA of purified lambda arms was ligated to RV NRK cl 15 fragments enriched for proviral DNA, packaged and processed as described previously . Escherichia coli DP50 supF was infected with recombinant phage particles and approximately 104 p.f.u, plated on 20 x 20 cm Petri dishes (Nunc). Plaques were transferred to nitrocellulose filters (Benton & Davis, 1977) and identified by hybridization to a nicktranslated F-SFFV probe which contains the total F-SFFV proviral DNA element cloned into pBR322 (Yamamoto et al., 1981) . DNA of positive plaques was prepared from minilysates and analysed by digestion with restriction enzymes and Southern blotting. Plaques were selected that contained restriction enzyme fragments hybridizing to the F-SFFV probe corresponding to the R-SFFV-specific fragments present in RV NRK cl 15 DNA. DNA of a large-scale preparation of recombinant phage (Yamamoto et al., 1970) (Yamamoto et al., 1981) . To the left and right, a F-SFFV marker is shown, digested separately with different restriction enzymes. The lengths of the fragments were determined by comparison with HindlIl-and EcoRIdigested lambda DNA.
RESULTS

Molecular cloning and restriction enzyme analysis of R-SFFV proviral DNA
The R-SFFV non-producer cell line RV N R K cl 15 used as a source for cloning the proviral form of R-SFFV was generated by infection of N R K cells by endpoint-diluted preparations of RV (Ruta & Kabat, 1980) . In order to find a restriction endonuclease that does not cleave the proviral genome, single and double digests of the genomic RV N R K cl 15 D N A were performed with different enzymes. It was found that all enzymes used cut the proviral D N A at least once (Fig. 1) . For example, SstI is known to cleave within the long terminal repeats (LTRs) of all RVrelated retroviruses, and in RV N R K cl 15, two fragments were generated by this enzyme, 4.8 kb and 2.5 kb. The 4.8 kb fragment, assumed to be an internal fragment, was cleaved in double digests by HindIII, EcoRI, BamHI, XbaI, PvuII, BstEII, BglII and SmaI (data not shown) .
For that reason we decided to isolate two separate R-SFFV-specific D N A fragments expected to comprise the complete viral genome. HindIII (Fig. 1 ) generated a specific signal of 9 kb on a Southern blot hybridized to a total F -S F F V probe. The 9 kb fragment was found in D N A of RV N R K cl 15 cells but was not detected in D N A of uninfected N R K cells. Fragments of 8.5 to 9.5 kb were isolated by eluting RV N R K cl 15 D N A digested by H/ndIII from agarose gels. The purified D N A was cloned into lambda vector Charon 28A. Six out of 10000 plaques gave a positive signal using F -S F F V as a probe. The recombinant phages were analysed for the R-SFFVspecific insert. One of these six clones contained a 9 kb fragment strongly hybridizing to F-SFFV. This insert was isolated from a HindlIl-digested, plaque-purified recombinant phage preparation. The fragment was then linked to HindlII-cut pBR322 and the resulting plasmid was named pRV122. The restriction map of this plasmid was compared to the restriction map of R-MuLV (Habara et al., 1982) . The cleavage sites of SstI, KpnI, PvulI, BstEII and PstI appeared in the same order and spacing as in the 5' half of the helper virus (Fig. 2) . A more detailed restriction enzyme analysis of LTR specific cleavage sites revealed the sequential appearance of EcoRV, Sinai, SstI, SmaI and KpnI sites. This pattern is identical to that of the LTR of R-MCF (M. Vogt, personal communication) and, as far as has been published (Habara et al., 1982) , also to that of R-MuLV, leading to the preliminary conclusion that the cloned fragment contains the 5" LTR, the gag and part of the pol gene of R-SFFV. The only difference so far between R-MuLV and R-SFFV is a HindlII site present in the helper and the MCF virus, but not in pRV122. The restriction map of the cloned fragment also showed which of the restriction fragments of the genomic RV NRK cl 15 DNA (Fig. 1) are contained in pRV122, e.g. EcoRV, SstI, KpnI. In order to construct RV probes of different specificity, the EcoRI-HindlII fragment of pRV122 was subcloned into pUC9 and named pRV21 (Fig. 3b) . As a source for an LTR-free probe, the plasmid pRV31 containing the PstI-HindlII fragment of pRV21 was generated (Fig. 3c) . The assumption that the cloned HindlII fragment (Fig. 1) contains part of the viral genome was confirmed by the finding that the same SstI fragments of 4-8 kb and 2.5 kb appeared after rehybridization of the blot shown in Fig. 1 using pRV31 as a probe (data not shown). Extrapolation of the data already available after cloning of the HindlII fragment suggested that the 3' half of the viral genome and part of the 3' LTR were contained in the 4.8 kb SstI fragment. Cloning of this fragment should thus be useful to reconstruct the complete viral genome. The SstI fragment was isolated from agarose gels and cloned into lambda Charon 16A, Fifteen hybridizing plaques were found on screening with a nick-translated probe of pRV31 (Fig. 3 c) . Minilysates of these clones were prepared, the DNA cleaved with SstI and one clone, containing a 4.8 kb SstI fragment, was selected. After plaque purification the insert was subcloned in pSP64 and named pRV71 (Fig. 3 e) . Each of the cloning steps was controlled by cleavage of RV NRK cl 15 DN A and plasmid DNA with the appropriate enzyme and Southern blot analysis of the generated restriction fragments, thus ensuring the identity of the cloned DNA with RV NRK cl 15 fragments. Analysis of the restriction sites revealed that the expected overlapping sequence between the SstI and the HindlII site was indeed present and shared by the plasmids pRV71 and pRV21 (Fig. 3) . At the 3' end of the clone, we found a 0.3 kb SmaI-SstI fragment, which is probably part of the 3' LTR. A complete viral genome was generated by recombination of the cloned and modified plasmids. In order to reconstruct the 3" LTR, pRV32 an additional subclone of pRV21 was generated containing the 5' LTR EcoRI-PstI fragment of pRV21 in pUC9 (Fig. 3 d) . The 4.8 kb SstI fragment of pRV71 was subcloned into the SstI site of pRV32, generating plasmid pRV33 (Fig. 3 f) . pRV33, plasmid pRV22 was constructed, containing the total viral genome including two intact LTRs (Fig. 3g) .
Comparison of the restriction maps between pRV22 and R-MCF (Fig. 3 h) (M. Vogt, personal communication) revealed the following differences: (i) the size of the R-SFFV genome is about 0.6 kb smaller than that of R-MCF, (ii) the restriction enzyme pattern between the 5' LTR and the BstEII site at the 3' end of the genome was identical with the exception of the HindlII site absent in the gag region of R-SFFV, and (iii) the 3' end of R-SFFV carried a deletion/ modification compared to R-MCF, which removed the restriction sites for BclI, BstEII, SstlI, PstI and ClaI within this part of the genome. 
Expression of R-SFFV in transfected NIH Tk-cells
An important control for the biological integrity of the cloned R-SFFV was to examine the expression of its genes after transfer of the D N A into eukaryotic cells and, as a further step, to confirm its biological activity in the animal. N I H 3T3 T k -cells were transfected with D N A of pRV22 and py747 in a ratio of 10 : 1. The latter plasmid contained the thymidine kinase (Tk) gene. In H A T medium only those cells which express the Tk gene survive. Due to the excess of R-SFFV D N A used in the transfection assay these cell clones are likely to contain also copies of the viral genome. Twenty individual Tk + cell clones (RV 22 no. 1 to no. 20) were isolated. Southern blot analysis of six clones revealed that they contained various copy numbers of the viral genome (Fig. 4) . Two of the cell lines containing a high copy number (clones no. 5 and 17) were superinfected with F-MuLV helper virus in order to rescue the defective R-SFFV (RV 22 no. 5 + N and RV 22 no. 17 + N). The virus released from these cell lines was determined and quantified by reverse transcriptase assay (Pragnell et al., 1977) . Virus from RV 22 no. 5 + N was used to infect N R K cells. Southern blot analysis of the resulting cell line, N R K no. 5 + N, and of N R K control cells showed identical internal restriction enzyme fragments as compared to RV N R K cl 15 (Fig. 4) . 
Biological activity of molecularly cloned R-SFFV
on spleen f o c u s f o r m a t i o n o f molecularly cloned R -S F F V
Spleen focus-forming units/ml* 1"1 x 10 4 0 1"0 x 10 3 1"2 x 10 z * Fivefold serial dilutions of virus concentrates (100 × ) were prepared and injected. Spleen foci were counted 10 days later. The titre was calculated as described previously . The foci in DDD, Fv-2 ~ mice were not as well defined as those of DDD, Fv-2 ~ mice.
t Data on MPSV and FV have been published .
occurred during the cloning process. We also wanted to prove by these experiments that properties attributed to R-SFFV based on experiments with uncloned RV complex (Mol et al., 1982; Seidel & Opitz, 1978; Hasthorpe & Bol, 1979; Ostertag et al., 1982) were indeed properties of R-SFFV. Virus of transfected cell lines RV 22 no. 17 and RV 22 no. 5 pseudotyped with F-MuLV was injected into the lateral tail vein of adult Fv-2 ~ DBA/2J and D D D mice. Spleen focus formation (Fig. 5) and spleen enlargement occurred, as expected for the RV complex. The animals usually died 3 to 5 weeks post-injection of R-SFFV(F-MuLV), possibly as a consequence of rupture of the enlarged spleen. F-MuLV alone does not induce spleen enlargement or spleen focus formation in adult mice. The virus titres of the transfected and F-MuLV superinfected cell lines were usually lower than those obtained from erythroid RV-transformed cell lines but comparable to those reported for pseudotype fibroblast non-producer cell lines (Ruta & Kabat, 1980; Mol et al., 1982) (Table 1) .
Uncloned RV, unlike FV, induces spleen foci in D D D Fv-2 r mice . We therefore tested the molecularly cloned R-SFFV(F-MuLV) complex in congenic D D D F v -2 ~ and Fv-2 ~ and also congenic C57BL/6 Fv-2 ~ and Fv-2 ~ mice (Table 1) . Our results were compared to those obtained with the R-SFFV(F-MuLV) of cell clone RV N R K cl 15 which was used as * Three-month-old DBA/2J mice were injected i.v. with 200 spleen focus-forming units (SFFU) of cloned RV, RV 22 no. 17 + N or RV 22 no. 5 + N, or 500 SFFU of FV-P, harvested from F4-6 cells. The animals were sacrificed 12 days (for FV-P) or 21 days (for cloned RV) after infection. The assay for CFU-E was performed as described (Fagg & Ostertag, 1982) . Partially purified human erythropoietin (Epo) was added where indicated at a concentration of 0.8 U/ml. Data are the mean of three independent experiments. f Data taken from Mol et al. (1982) .
starting material for molecular cloning, and also to those obtained with FV-P and MPSV. FV-P leukaemogenesis is restricted by the Fv-2 r locus regardless of the strain of inbred mice (Odaka, 1973; , whereas RV is restricted by Fv-£ only in the C57BL/6 and not the DDD background. Our results with the molecularly cloned R-SFFV were the same as those obtained with biologically cloned virus and confirm that this host range pattern is an intrinsic property of R-SFFV.
Colony formation in vitro Uncloned RV pseudotyped with F-MuLV, released from erythroleukaemic RA-1 cells or RV of other sources, induces erythroleukaemia in adult susceptible mice and a dramatic increase in late erythroid precursor cells (CFU-E) in the spleen (Hasthorpe & Bol, 1979; Mol et al., 1982; Seidel & Opitz, 1978) . FV-P of Friend cells or biologically cloned in fibroblasts causes an increase of CFU-E in the spleen and the bone marrow (Fagg & Ostertag, 1982; this paper) . Most of CFU-E of mice infected with FV-P proliferate without addition of erythropoietin to the medium (Fagg & Ostertag, 1982) , whilst R-SFFV-transformed CFU-E retain the normal requirement of erythropoietin for proliferation and differentiation (Mol et al., 1982; Hasthorpe & Bol, 1979; Seidel & Opitz, 1978) .
DBA/2 mice infected with virus of RV 22 no. 5 and RV 22 no. 17 pseudotyped with F-MuLV showed an increase of CFU-E in the spleen but not the bone marrow (Table 2 ). More than 99~ of the CFU-E were still dependent on erythropoietin for terminal differentiation. The molecularly cloned R-SFFV thus had the same biological effect on this erythroid precursor population as was described for the biologically cloned R-SFFV and was clearly different from F-SFFV pseudotyped with the same F-MuLV helper virus.
DISCUSSION
Rauscher virus (R-SFFV) is of particular interest because it is a recombinant virus similar to Friend virus with respect to the viral envelope gene (Wolff et al., 1983) . R-SFFV codes for an env protein, gp52, of similar properties to that described for F-SFFV (Racevskis & Koch, 1977; Ruscetti et al., 1979; Bilello et al., 1980; Ruta & Kabat, 1980; Mol et al., 1982) . Data on deletions introduced into the env region of molecularly cloned F-SFFV prove that this region is essential for leukaemic transformation . Elegant work on mutants of R-SFFV non-producers with respect to expression of a membrane-located protein coded by the env gene suggests that the membrane version of the gp52 protein is essential for leukaemic transformation by R-SFFV (Machida et al., 1984) . The differences in biology of FV-P and RV with respect to host range and the erythropoietin requirement of transformed erythroid cells (Tables 1 and 2) appear particularly intriguing and may reflect differences either in the transforming env gene or in the overall structure of the virus.
Different R-SFFVs evolved by independent passage of RV stocks. We have shown previously (Mol et al., 1982) that R-SFFV has a genome similar in size to F-SFFV but different in oligonucleotide composition. Another R-SFFV isolate, which was biologically cloned by Kabat's group (Bestwick et al., 1983) and used here, appeared to be even more interesting, since it has a much larger genome size than any of the previously described SFFV isolates (Mol et aI., 1982; Bestwick et al., 1983) . This R-SFFV isolate may therefore be much closer to the original recombinant virus genome and hence more relevant for a comparison of structure and function. We therefore decided to molecularly clone the DNA of this SFFV in bacteria.
Since all restriction enzymes tested cut within the proviral genome, a cloning strategy was developed consisting of a multistep procedure (Fig. 3) . This strategy was successful as evidenced by the biological activity of F-MuLV pseudotypes of the virus obtained from NIH 3T3 cells transfected with R-SFFV DNA.
R-SFFV(F-MuLV) as released by these cell lines had the same distinctive properties of host range as had been found for the uncloned virus (Mol et al., 1982; Ostertag et al., 1982) and the biologically cloned RV complex (this paper). RV thus induced leukaemia in C57BL Fv-2 ~ and not in congenic C57BL Fv-2 ~ animals, indicating that the Fv-2 locus plays an important role in controlling susceptibility to RV-induced leukaemia, as has been shown for FV (Odaka, 1973) and MPSV . In the genetic background of DDD mice, however, RV and MPSV Mol et al., 1982) are not restricted by the Fv-2 ~ locus, whereas FV-P causes leukaemia in DDD Fv-2 ~ but not in DDD Fv-2 ~ animals (Odaka, 1973) . These data imply that at least one further gene, in addition to the Fv-2 ~ gene, is required for resistance to MPSV and RV. It was, however, still uncertain whether this property of the RV complex was contributed by R-SFFV or by R-MCF or even by another component which is usually found to be associated with the RV complex (van Griensven & Vogt, 1980) . In this paper we show conclusively that this difference of RV in host range is an intrinsic property of R-SFFV and does not require the presence of any other component of the RV complex.
One other distinctive property of RV, in contrast to FV-P, is its ability to induce the proliferation of late erythroid precursor cells in the spleen without altering their normal dependence on erythropoietin for terminal differentiation. We prove here that this property is also intrinsic to R-SFFV, whereas SFFV of FV-P induces erythropoietin-independent differentiation of CFU-E.
Comparative analysis of the molecularly cloned R-SFFV, R-MuLV and R-MCF now makes it possible to describe the biological differences between the RV components on one hand and F-SFFV on the other in molecular terms. The genome of R-SFFV differs from R-MuLV only in the env region. Evidence for this conclusion is, first, that no difference is found betweengag proteins of R-SFFV and R-MuLV (Ruta & Kabat, 1980) , secondly, no alteration occurred in thepolgene, indicated by detection of reverse transcriptase in particles released by Rauscher non-producer cell lines (Bestwick et al., 1983) , and thirdly, no significant differences between R-SFFV and RMuLV could be detected on the restriction maps of the gag and pol genes (this paper).
Comparison of the R-SFFV and R-MCF env region (M. Vogt, personal communication) corroborates the suggestion that R-SFFV (like F-SFFV) is derived from an MCF virus by recombination with cellular sequences (van Griensven & Vogt, 1980; Linemeyer et at., 1980) . No restriction site between the 3' BstEII site and the 3' LTR of R-MCF is found in the same region of R-SFFV, leading to the conclusion that this region is substituted by a smaller fragment of cellular sequences. This part of the viral genome possibly is responsible for the difference in the biological activity of R-SFFVand R-MCF. The deletion in the env region may be located between the coding part of gp70 and that of p 15E, resulting in a fusion of these proteins. By analogy with F-SFFV (FV-P) (Koch et al., 1984) , this may be important for virus-induced haematopoietic proliferation.
Comparison of the restriction enzyme maps of R-SFFV and F-SFFV (Linemeyer et al., 1980; Yamamoto et al., 1981; Kaminchick et al., 1982; reveals pronounced
